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(57) An electron-emitting source includes a sub- 
strate (11) and a coating film. The substrate is made of 
a material containing a metal serving as a growth nucle- 
us for nanotube fibers as a main component, and has a 



plurality of through holes (13). The coating film (12) is 
constituted by nanotube fibers formed on a surface of 
the substrate and wall surfaces (1 4) of the through holes 
(13). A method of manufacturing an electron-emitting 
source is also disclosed. 
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Description 

Background of the Invention 

[0001] The present invention relates to an electron- 5 
emitting source and, more particularly, to a field emis- 
sion type electron-emitting source in which electron 
emission uniformity is improved, an electron-emitting 
module, and a method of manufacturing an electron- 
emitting source. i o 
[0002] In recent years, a field emission type electron- 
emitting source using carbon nanotubes attracts atten- 
tion as an electron-emitting source in a fluorescent dis- 
play device such as an FED (Field Emission Display) or 
vacuum fluorescent display. In a carbon nanotube, a « 
graphite single layer is cyiindrically closed, and a 
5-membered ring is formed at the distal end of the cyl- 
inder. Since the carbon nanotube has a typical diameter 
of as very small as 1 0 nm to 50 nm, upon application of 
an electric field of about 1 00 V, it can field-emit electrons 20 
from its distal end. Carbon nanotubes are classified into 
those with a single-layered structure described above 
and those with a coaxial muftilayered structure in which 
a plurality of graphite layers stacked to form a telescopic 
structure are cyiindrically closed. Either carbon nano- 25 
tube can be used to form an electron -emitting source. 
[0003] A field emission type electron-emitting source 
using conventional typical carbon nanotubes Is formed 
of a flat substrate electrode in which many carbon nan- 
otubes are arranged. When a high voltage is applied 30 
across this substrate electrode and a mesh-like electron 
extracting electrode opposing it, the electric field is con- 
centrated to the distal ends of the carbon nanotubes to 
emit electrons from there. For this purpose, it is desira- 
ble that the carbon nanotubes on the substrate elec- 35 
trode have distal ends perpendicular to the substrate 
surface. If the electron emission uniformity Is poor, lu- 
minance nonuniformity occurs. Therefore, it is desirable 
that the carbon nanotubes are uniformly arranged on the 
substrate electrode. *o 
[0004] To form such an electron -emitting source, a 
method of forming carbon nanotubes directly on a flat 
substrate by using CVD (Chemical Vapor Deposition) is 
proposed. According to this method, an electron-emit- 
ting source made up of carbon nanotubes extending 43 
perpendicularly from the substrate surface and formed 
uniformly on the substrate can be manufactured. 
[0005] In the conventional electron-emitting source 
obtained by directly forming carbon nanotubes on the 
substrate surface, however, a discontinuous portion so 
such as a projection or recess sometimes exists. In this 
case, if a parallel electric field is applied to obtain field 
electron emission, the electric field is concentrated to 
the discontinuous portion to cause local electron emis- 
sion, leading to a luminance nonuniformity on the fluo- ss 
rescent display device. 

[0006] When the field strength is increased to improve 
the luminance, an electron-emitting density of a local 



portion exceeds the allowable limit to break this local 
portion, and a new field concentrated portion is formed 
around the broken portion. Consequently, breakdown 
occurs in a chain manner. This is the largest Issue In 
actually applying field electron emission to a fluorescent 
display device. 

Summary of the Invention 

[0007] It is an object of the present invention to pro- 
vide an electron-emitting source which can obtain uni- 
form field electron emission with a high current density, 
an electron-emitting module, and a method of manufac- 
turing an electron-emitting source. 
[0006] It is another object of the present invention to 
provide an electron-emitting source which does not 
cause a breakdown chain when the field strength is in- 
creased, an electron-emitting module, and a method of 
manufacturing an electron-emitting source. 
[0009] In order to achieve the above objects, accord- 
ing to the present invention, there is provided an elec- 
tron-emitting source comprising a substrate made of a 
material containing a metal serving as a growth nucleus 
for nanotube fibers as a main component and having a 
plurality of through holes, and a coating film constituted 
by nanotube fibers formed on a surface of the substrate 
and wall surfaces of the through holes. 

Brief Description of the Drawings 

[0010] 

Fig. 1 A is a plan view of an electron-emitting source 
according to the first embodiment of the present In- 
vention; 

Fig. 1B is a sectional view taken along the line I - 1 
of the electron-emitting source shown in Fig. 1 A; 
Fig. 2 is an electron micrograph of a coating film 
formed on the substrate of the electron-emitting 
source shown in Figs. 1A and 1B; 
Fig. 3 is an enlarged electron micrograph of the 
coating film formed on the substrate of the electron- 
emitting source shown in Figs. 1A and 1B; 
Fig. 4 is a graph showing the distribution of the elec- 
tron-emitting density of the electron-emitting source 
shown in Figs. 1 A and IB- 
Fig. 5 is a longitudinal sectional view of a vacuum 
fluorescent display to which the electron-emitting 
source shown in Figs. 1 A and 1B is applied; 
Fig. 6 is a diagram showing the schematic arrange- 
ment of a manufacturing apparatus used for forming 
the coating film of the electron-emitting source 
shown in Figs. 1 A and 1B; 
Fig. 7 is an electron micrograph of a coating film 
formed on the surface of a substrate constituting an 
electron-emitting source according to the second 
embodiment of the present invention; 
Fig. 8 is an electron micrograph to show the shapes 
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of nanotube fibers shown in Fig. 7; and 
Fig. 9 is a diagram showing the schematic arrange- 
ment of a manufacturing apparatus used for forming 
the coating film of the electron-emitting source ac- 
cording to the second embodiment. s 

Description of the Preferred Embodiments 

[0011] The present invention will be described in de- 
tail with reference to the accompanying drawings. 10 
[0012] Figs. 1A and 1B show an electron-emitting 
source according to the first embodiment of the present 
invention. As shown in Fig. 1A, an electron-emitting 
source 10 has a grid-like substrate (to be referred to as 
a substrate hereinafter) 11 made of a metal serving as is 
a growth nucleus for nanotube fibers as the main com- 
ponent and having a large number of through holes 13, 
and a coating film 1 2 constituted by nanotube fibers cov- 
ering the surface (exposed surface) of a metal grid por- 
tion made up of the surface of the substrate 1 1 and wall 20 
surfaces 14 of the through holes 13. 
[001 3] The substrate 1 1 is made of iron or an iron-con- 
taining alloy and has a thickness of 0.05 mm to 0.20 mm. 
The square through holes 13 with widths of 0.05 mm to 
0.2 mm are arranged in a matrix to form the grid-like 25 
substrate 11 . The arrangement of the through holes 13 
is not limited to this, but can be of any type as far as the 
distribution of the coating film 12 becomes uniform on 
the substrate 11. The shapes of the openings of the 
through holes 1 3 are not limited to squares, and the siz- 30 
es of the openings of the through holes 13 need not be 
equal. 

[0014] For example, the openings of the through 
holes 13 may be polygons such as triangles, quadran- 
gles, or hexagons, those formed by rounding the cor- 35 
ners of such polygons, or circles or ellipses. The longi- 
tudinal sectional shape of the metal portion of the sub- 
strate 11 is not limited to a square as shown in Fig. 1B t 
but may be any shape such as a circle or ellipse consti- 
tuted by curves, a polygon such as a triangle, quadran- 40 
gle, or hexagon, or those formed by rounding the cor- 
ners of such polygons. Although the thickness of the 
substrate 11 is 0.05 mm to 0.20 mm and the openings 
of the through holes 13 have widths of about 0.05 mm 
to 0.20 mm, the present invention is not limited to them. 45 
[0015] The nanotube fibers constituting the coating 
film 12 have thicknesses of about 10 nm or more and 
less than 1 ujn and lengths of 1 \xm or more and 1 00 ujn 
or less, and are made of carbon. The nanotube fibers 
suffice if they are single-layered carbon nanotubes in 50 
each of which a graphite single layer is cylindrically 
closed and a 5-membered ring is formed at the distal 
end of the cylinder. Alternatively, the nanotube fibers 
may be coaxial multilayered carbon nanotubes in each 
of which a plurality of graphite layers are multilayered to 55 
form a telescopic structure and are respectively cylindri- 
cally closed, hollow graphite tubes each with a disor- 
dered structure to produce a defect, or graphite tubes 



filled with carbon. Alternatively, the nanotubes may mix- 
edly have these structures. 

[001 6] Each nanotube fiber described above has one 
end connected to the surface of the substrate 11 or the 
wail surfaces 14 of the through holes 13 and is curled 
or entangled with other nanotube fibers, as shown in 
Figs. 2 and 3, to cover the surface of the metal portion 
constituting the grid, thereby forming the cotton-like 
coating film 12. The coating film 12 covers the surface 
of the substrate 1 1 with the thickness of 0.05 mm to 0.20 
mm by a thickness of 10 um and to 30 um to form a 
smooth curved surface. Figs. 2 and 3 show electron mi- 
crographs, in which the coating film 12 covering the sub- 
strate 11 is enlarged by 600 times and 60,000 times, 
respectively. 

[0017] The electron emission uniformity of the elec- 
tron-emitting source with this arrangement will be de- 
scribed with reference to Fig. 4. In Fig. 4, the electron 
emission uniformity of a cathode assembly 1 06 of a vac- 
uum fluorescent display shown in Fig. 5 is indicated by 
current densities at measurement points plotted every 
40-um interval in both the X and Y directions. The range 
of the current density shown in this graph is 0 mA/cm 2 
to 15 mA/cm 2 . The uniformity of electron-emitting den- 
sity shown in Rg. 4 corresponds to that of a hot cathode 
formed of a conventional filament coated with an oxide. 
This verifies the effectiveness of the electron-emitting 
source of the present invention. 
[001 8] As shown in Fig. 5, the cathode assembly 1 06 
used in this measurement is comprised of a ceramic 
substrate 1 06a, a substrate electrode 1 06b formed of a 
rectangular parallelepiped stainless steel cap mounted 
at the central portion on the ceramic substrate 1 06a, an 
electron-emitting source 10 placed on the substrate 
electrode 106b, and a rectangular parallelepiped stain- 
less steel grid housing 106c fixed to the ceramic sub- 
strate 106a to cover the substrate electrode 106b and 
electron-emitting source 10. The grid housing 106c has 
a dome-shaped mesh grid 106d with a major axis of 6 
mm and a minor axis of 4 mm at the central portion of 
its upper surface opposing the electron-emitting source 
10. 

[001 9] In this arrangement, when a high voltage is ap- 
plied across the substrate electrode 1 06b and grid hous- 
ing 106c of the cathode assembly 106 placed in vacu- 
um, electrons extracted from the electron-emitting 
source 1 0 are emitted through the mesh grid 1 06d of the 
grid housing 106c which opposes the electron-emitting 
source 1 0. 

[0020] The electron-emitting source 10 is spot-weld- 
ed to the substrate electrode 1 06b serving as a cathode, 
and the distance between the electron -emitting source 
1 0 and mesh grid 1 06d is set to 0.4 mm. The mesh grid 
1 06d is constituted by a large number of 20-pjn diameter 
through holes. This measurement was performed by 
placing the cathode assembly 106 in vacuum of 1.1 x 
1 0* 6 Pa, setting the substrate electrode 1 06b at 0 V, and 
applying a positive voltage of 2,950 V with a pulse width 
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of 1 50 usee and a f req uency of 1 00 Hz to the grid hous- 
ing 106c. 

[0021] The vacuum fluorescent display used for 
measuring the uniformity of electron emission of the 
electron-emitting source described above will be de- 
scribed. In the vacuum fluorescent display to which the 
electron-emitting source of the present invention is ap- 
plied, as shown in Fig. 5, a face glass member 102 is 
fixed to a cylindrical glass bulb 101 by adhesion with 
low-melting frit glass 103 to form a vacuum vessel (en- 
velope). A phosphor screen 1 04, an anode electrode as- 
sembly 1 05, and the cathode assembly 1 06 which forms 
an electron-emitting portion are arranged in this vacuum 
vessel. 

[0022] The face glass member 1 02 has a convex lens- 
like spherical portion 102a at the central portion of its 
front surface, and a flange-like step portion 102b at its 
periphery. The inner surface of the face glass member 
102 is coated with a YgOgS : Tb + Y 2 0 3 : Eu phosphor 
mixture, which emits white light, to form the phosphor 
screen 104. An AJ metal-back film 1 07 with a thickness 
of about 150 nm is formed on the surface of the phos- 
phor screen 1 04. The inner peripheral portion of the face 
glass member 1 02 partly forms a recess (not shown). In 
this recess the phosphor screen 104 is not formed but 
only the Al metal-back film 107 is formed. 
[0023] One end of an elastic stainless steel contact 
piece 107a is inserted in this recess, and is fixed to the 
Al metal-back film 107 by adhesion with a conductive 
adhesive material made of a mixture of carbon or silver 
and frit glass. The other end of the contact piece 1 07a 
extends toward the inner wall surface of the glass bulb 
101. The face glass member 1 02 is fitted in the opening 
of the glass bulb 101 , with a diameter of about 20 mm 
and a length of about 50 mm, with its flange-like step 
portion 102b, and is fixed there by adhesion with low- 
melting frit glass 103. 

[0024] The bottom of the glass bulb 1 01 is comprised 
of a glass stem 108 integrally formed with an exhaust 
pipe 108a, and lead pins 109a to 109c are inserted in 
the glass stem 108. An anode lead 110 has one end 
fixed to the inner distal end of the lead pin 1 09a by weld- 
ing, and the other end fixed to the cylindrical anode elec- 
trode assembly (electron accelerating electrode) 105, 
fixed to the upper portion of the glass bulb 1 01 , by weld- 
ing. 

[0025] The anode electrode assembly 105 is com- 
prised of a ring-like anode 105a molded by rounding a 
metal wire made of stainless steel and having a wire di- 
ameter of about 0.5 mm into a ring shape, and a cylin- 
drical anode 105b formed by winding a rectangular 
stainless steel plate with a thickness of 0.01 mm to 0.02 
mm on the outer circumferential surface of the ring-like 
anode 1 05a and welding its overlapping portions at two 
points by welding. 

[0026] One end of the contact piece 107a is fixed to 
the Al metal-back film 1 07. The other end of the contact 
piece 1 07a is in contact with the outer surface of the 



cylindrical anode 105b. The ring-like anode 105a is 
welded to the distal end of the anode lead 1 1 0 at a pre- 
determined portion, and the cylindrical anode 105b is 
welded to the most distal end of the anode lead 110 at 

5 its inner side. A Ba getter 1 05c is attached to part of the 
ring-like anode 105a by welding. 
[0027] Each of cathode leads 1 1 1 b and 1 1 1 c has one 
end fixed to the inner distal end of the corresponding 
one of the lead pins 109b and 109c by welding, and the 

10 other end fixed to a corresponding predetermined por- 
tion of the cathode assembly 1 06 by welding. More spe- 
cifically, the cap-like substrate electrode 1 06b constitut- 
ing the cathode assembly 1 06 Is attached to the ceramic 
substrate 1 06a by twisting its leg (not shown) projecting 

is downward from the ceramic substrate 106a through a 
through hole formed in the ceramic substrate 106a. The 
leg of the substrate electrode 1 06b is welded to the other 
end of the cathode lead 1 1 1 c. The other end of the cath- 
ode lead 111b is welded to the grid housing 106c con- 

20 strtuti ng the cathode assembly 1 06. 

[0028] Fig. 5 does not show the sections of the anode 
electrode assembly 1 05, anode lead 1 1 0, cathode leads 
1 1 1 b and 1 1 1 c, lead pins 1 09a to 1 09c, and exhaust pipe 
108a. 

25 [0029] The operation of the vacuum fluorescent dis- 
play with the above arrangement will be described. 
[0030] First, an external circuit supplies a voltage to 
the lead pins 109b and 109c to apply a high voltage 
across the substrate electrode 106b and grid housing 

30 106c through the cathode leads 111b and 11.1c. Thus, 
an electric field is uniformly applied to the nanotube fib- 
ers constituting the coating film 12 of the electron-emit- 
ting source 10 placed on the substrate electrode 106b, 
so that electrons are extracted from the nanotube fibers 

35 and emitted from the mesh grid 1 06d of the grid housing 
106c. 

[0031] Simultaneously, the external circuit applies a 
high voltage to the lead pin 1 09a to apply a high voltage 
to the Al metal-back film 1 07 via the anode lead 110 —> 

40 anode electrode assembly 1 05 (cylindrical anode 1 05b) 
-> contact piece 107a. The electrons emitted from the 
mesh grid 1 06d are accelerated by the cylindrical anode 
105b to bombard against the phosphor screen 104 
through the Al metal-backfilm 1 07. As a result, the phos- 

45 phor screen 104 Is excited by electron bombardment, 
and emits light in a color corresponding to the phosphor 
that makes up the phosphor screen 104. The light pro- 
duced by the phosphor screen 104 is transmitted 
through the face glass member 102 and emitted from 

so the spherical portion 102a on the front side to perform 
indication by light emission. 

[0032] In the above description, the electron-emitting 
source is applied to a cylindrical vacuum fluorescent dis- 
play. However, the present invention is not limited to this, 
55 but the electron-emitting source can also be used as an 
electron source for a flat vacuum fluorescent display or 
FED. In this case, the substrate size may be increased, 
and a plurality of substrates of the same size may be 
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mounted. When displaying a fixed pattern, the substrate 
shape may be changed in accordance with a desired 
pattern. When the substrate size is increased, the dis- 
play surface area can increase with a small number of 
electron-emitting sources, leading to a reduction in the 
production cost. When a plurality of substrates are 
mounted or the substrate shape is changed in accord- 
ance with the pattern, a voltage may be applied to only 
necessary electrodes to eliminate unnecessary electron 
emission, leading to a reduction in power consumption. 
[0033] According to this embodiment, since the grid- 
like substrate constituting the electron-emitting source 
is covered with curled or entangled nanotube fibers to 
smooth its surface, the electric field is applied uniformly. 
When this grid-like substrate is used to form the electron 
source of a fluorescent display device, field electrons 
are emitted not from a particular portion of the nanotube 
fibers but uniformly from the nanotube fibers. As a result, 
the distribution of light-emitting density of the phosphor 
screen caused by electron irradiation becomes very uni- 
form, thereby improving the display quality. 
[0034] Also, the density of electron irradiation of the 
phosphor screen for obtaining the same luminance as 
that in the conventional case can be uniformly sup- 
pressed low. As a result; an early degradation of the 
light-emitting efficiency at a portion where the irradiating 
current is excessively large, which poses a problem 
when electron irradiation is nonuniform, does not occur, 
and long-life, highly efficient, and high-quality surface 
emission can be obtained. 

[0035] A method of manufacturing the electron-emit- 
ting source described above will be described. 
[0036] The substrate 11 will be described first. Pref- 
erably, the material to form the substrate 11 is conduc- 
tive and contains a material that serves as a catalyst for 
generating nanotube fibers. Those that satisfy these 
conditions include one element selected from iron, nick- 
el, and cobalt, or an alloy containing at least one element 
selected from iron, nickel, and cobalt. When thermal 
CVD (Chemical Vapor Deposition) to be described later 
is used, the nanotube fiber coating film 12 made of car- 
bon is formed only when the underlying metal is made 
of iron or an iron-containing alloy. Hence, iron or an iron- 
containing alloy is used. 

[0037] When iron is selected, industrial pure iron (Fe 
with a purity of 99.96%) is used. This purity is not spe- 
cifically defined, but can be, e.g., 97% or 99.9%. As the 
iron-containing alloy, for example, stainless steel such 
as SUS304, a 42 alloy, or a 42-6 alloy can be used. How- 
ever, the present invention is not limited to them. In this 
embodiment, a 42-6 alloy thin plate with a thickness of 
0.05 mm to 0.20 mm was used considering the manu- 
facturing cost and availability. 
[0038] How to form the substrate 1 1 into a grid shape 
will be described. The grid-like substrate 1 1 is fabricated 
by general photoetching. First, a photosensitive resist 
film is formed on an iron or ion-containing alloy thin 
plate, exposed with light or ultraviolet rays by using a 



mask with a desired pattern, and developed, thereby 
forming a resist film with a desired pattern. Then, this 
thin plate is dipped in an etching solution to remove its 
unnecessary portions. After that, the resist film is re- 
5 moved, and the thin plate is washed. 

[0039] In this case, if a pattern is formed on the resist 
film on one surface of the thin plate while leaving the 
resist film on the other surface intact, the sectional 
shape of the metal portion constituting the grid becomes 

10 trapezoidal or triangular. If patterns are formed on the 
resist films on the two surfaces, the sectional shape be- 
comes hexagonal or rhombic. The sectional shape 
changes in this manner In accordance with the manu- 
facturing methods and manufacturing conditions, and 

13 can be of any shape. After etching, electropolishing may 
be performed to obtain a curved section. 
[0040] How to form the coating film 12 will be de- 
scribed. According to this method, the nanotube fiber 
coating film 1 2 is formed on the substrate 1 1 by thermal 

20 CVD. First, a thermal CVD apparatus for forming the 
coating film 12 will be described. This thermal CVD ap- 
paratus is an atmospheric pressure CVD apparatus em- 
ploying infrared lamp heating, and has a reaction vessel 
201 , exhaust unit 202, infrared lamp 203, and gas sup- 

25 pry unit 204, as shown in Fig. 6. 

[0041] The reaction vessel 201 is a pressure vessel 
that can be vacuum-evacuated, and is connected to the 
gas supply unit 204 through a gas inlet pipe 207, and to 
the exhaust unit 202 through an exhaust pipe 206. A 

30 substrate holder 205 for placing the substrate 1 1 there- 
on is set in the reaction vessel 201. The upper surface 
of the reaction vessel 201 which opposes the substrate 
holder 205 has a quartz window 211 using a quartz 
plate, and the infrared lamp 203 is arranged outside the 

35 quartz window 211 . A pressure sensor 21 5 is attached 
to the reaction vessel 201 to measure the pressure in 
the reaction vessel 201 . 

[0042] The exhaust unit 202 has a vacuum pump (not 
shown) and a bypass pipe for bypassing the vacuum 

40 pump. The exhaust unit 202 vacuum-evacuates the In- 
terior of the reaction vessel 201 with the vacuum pump 
before and after the process to purge unnecessary gas- 
es, and discharges the material gas, during the process, 
through the bypass pipe. An outer air should not enter 

45 the exhaust unit 202 through the exhaust port, and the 
discharged material gas must be made harmless, as a 
matter of course. 

[0043] The infrared lamp 203 is attached to the upper 
portion of the reaction vessel 201 together with a reflect- 
so ing mirror 21 7, and infrared rays from the infrared lamp 
203 irradiate the substrate 11 through the quartz window 
211, thereby heating the substrate 11. A temperature 
sensor (not shown) for measuring the temperature of the 
substrate 11 is attached to the substrate holder 205, and 
55 is used for temperature control of the substrate 11 . The 
gas supply unit 204 can supply a plurality of gases (gas- 
es A and B) independently of each other at predeter- 
mined flow rates, and mixes them and introduces the 
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gas mixture to the reaction vessel 201 . 

[0044] How to form the coating film 12 by using the 

thermal CVD apparatus with this arrangement will be 

described. 

[0045] Methane and hydrogen are used as the carbon 5 
introducing gas and growth promoting gas, respectively. 
Hence, preparation is performed so that the gas supply 
unit 204 of the thermal CVD apparatus can supply meth- 
ane and hydrogen. Subsequently, the substrate 1 1 is set 
on the substrate holder 205, and the Interior of the re- 10 
action vessel 201 is vacuum-evacuated to a pressure of 
about 1 Pa by the exhaust unit 202. 
[0046] The infrared lamp 203 is turned on to heat the 
substrate 11 and keep it stabilized at a predetermined 
temperature. A gas mixture formed by mixing hydrogen 
gas and methane gas at a predetermined ratio is intro- 
duced from the gas supply unit 204 into the reaction ves- 
sel 201 . With the gas mixture being supplied, the interior 
of the reaction vessel 201 is maintained at 1 atm for a 
predetermined period of time to grow the nanotube fiber 20 
coating film 12 on the surface of the substrate 11 and 
the wall surface of the metal portion (wall surfaces 1 4 of 
the through holes 13) constituting the grid. In forming 
the coating film 12, the substrate 11 is heated to 850°C, 
the methane gas and hydrogen gas are supplied, such 25 
that the methane gas concentration is 30%, and the in- 
terior of the reaction vessel 201 is maintained at 1 atm. 
This state is maintained for 60 min. 
[0047] When a predetermined period of time has 
elapsed, supply of the hydrogen gas and methane gas 30 
is stopped, the infrared lamp 203 is turned off, and the 
interior of the reaction vessel 201 is vacuum-evacuated 
to a pressure of about 1 Pa. The interior of the reaction 
vessel 201 is then restored to the atmospheric pressure, 
and the substrate 11 formed with the nanotube fiber 35 
coating film 12 is removed. By this process, nanotube 
fibers grow from the surface of the substrate 1 1 and the 
wall surface of the metal portion (wall surfaces 14 of the 
through holes 13) constituting the grid like curled ropes, 
and the coating film 1 2 with a smooth surface formed of *o 
the nanotube fibers is formed. 
[0048] According to this method, a field emission type 
electron-emitting source free from a discontinuous por- 
tion such as a projection or recess, where an electric 
field is concentrated to cause local electron emission, 45 
can be formed. Therefore, an electron-emitting source 
that can obtain uniform field emission with a high current 
density and does not easily cause breakdown due to lo- 
cal field concentration can be manufactured. 
[0049] Although methane gas is used as the carbon so 
introducing gas, the present invention is not limited to 
this, and other gases containing carbon may be used. 
For example, carbon monoxide may be used as the car- 
bon introducing gas. In this case, the substrate 11 may 
be heated to 650°C, carbon monoxide and hydrogen ss 
gas may be supplied such that the concentration of car- 
bon monoxide is 30%, and the interior of the reaction 
vessel 201 may be maintained at 1 atm. This state may 



be maintained for 30 min. Alternatively, carbon dioxide 
may be used as the carbon introducing gas. In this case, 
the substrate 11 may be heated to 650°C, carbon diox- 
ide and hydrogen gas may be supplied such that the 
concentration of carbon dioxide is 30%, and the interior 
of the reaction vessel 201 may be maintained at 1 atm. 
This state may be maintained for 30 min. 
[0050] An electron-emitting source according to the 
second embodiment of the present invention will be de- 
scribed. 

[0051] The electron-emitting source of this embodi- 
ment is comprised of a substrate 11 , and a carbon na- 
notube fiber coating film 12 covering a metal portion 
which forms a grid, in the same manner as in the first 
embodiment shown in Figs. 1 A and 1 B. The second em- 
bodiment is different from the first embodiment in that 
the substrate 11 is made of one element selected from 
iron, nickel, and cobalt, or of an alloy containing at least 
one element selected from iron, nickel, and cobalt, and 
in that the nanotube fibers constituting the coating film 
12 are not curled but extend substantially perpendicu- 
larly from the surface of the substrate 11 and the wall 
surface of the metal portion thatforms the grid, as shown 
in Figs. 7 and 8. To extend perpendicularly means to 
extend upward from the uppei surface of the metal por- 
tion, downward from the lower surface of the metal por- 
tion, and horizontally from the side surface of the metal 
portion when taking the metal portion constituting the 
grid as an example. 

[0052] Fig. 7 shows an electron micrograph with a 
magnification of 200 times by photographing the surface 
of the substrate 11 covered with the nanotube fibers 
from above. Since the nanotube fibers are formed sub- 
stantially perpendicularly upward from the surface of the 
substrate 11 , they look like white spots in Fig. 7. Fig. 8 
shows an electron micrograph with a magnification of 
10,000 times by photographing the surface of the sub- 
strate 11 covered with the nanotube fibers from oblique- 
ly above. Fig. 8 shows that the surface of the substrate 
11 is covered with the coating film 12 of substantially 
perpendicular nanotube fibers. 
[0053] According to this embodiment, the nanotube 
fibers are formed substantially perpendicularly from the 
surface of the substrate 11 . When a high voltage is ap- 
plied across the nanotube fibers and the electrode op- 
posing the substrate 1 1 , the electric field is concentrated 
to the distal ends of the nanotube fibers, and electrons 
are field-emitted from the distal ends of the nanotube 
fibers. In this case, since the nanotube fibers grow uni- 
formly around the metal portion that forms the grid, the 
surface of the electron-emitting source is formed 
smooth. As a result, uniform field electron emission can 
be obtained with a high current density, and breakdown 
due to local field concentration does not occur easily. 
Also, since the electron-emitting portion forms a grid, 
even if breakdown should occur due to local field con- 
centration, it does not easily lead to a breakdown chain. 
[0054] In this embodiment as well, the arrangement 
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of through holes 13, the shapes of the openings of the 
through holes 13, and the sectional shape of the grid 
portion of the substrate 1 1 are not limited to those shown 
in Figs. 7 and 8. The coating film 12 suffices If it is a film 
with a thickness of about 1 0 urn to 30 urn formed of car- 5 
bon nanotube fibers each with a thickness of about 10 
nm or more and 1 u,m or less. 
[0055] A method of manufacturing the electron-emit- 
ting source described above will be described. Accord- 
ing to this method, the carbon nanotube fiber coating 10 
film 1 2 is formed on the substrate 1 1 by microwave plas- 
ma CVD, thereby manufacturing an electron-emitting 
source. With microwave plasma CVD, formation of the 
nanotube fiber coating film 12 is not limited to only when 
the substrate 11 is made of iron or an iron-containing is 
alloy. Any material can be used as far as it is one ele- 
ment selected from iron, nickel, and cobalt, or an alloy 
containing atJeast one element selected from iron, nick- 
el, and cobalt. In this embodiment, a 42-6 alloy thin plate 
with a thickness of 0.05 mm to 0.20 mm was used con- 20 
sidering the manufacturing cost and availability, in the 
same manner as in the first embodiment. A method of 
fabricating the substrate 1 1 using the above metal is the 
same as that described in the first embodiment, and a 
detailed description thereof will accordingly be omitted. 25 
[0056] How to form the coating film 12 will be de- 
scribed. According to this method, the nanotube fiber 
coating film 12 is formed on the substrate 11 by micro- 
wave plasma CVD. First, a microwave plasma CVD ap- 
paratus for forming the coating film 1 2 will be described. 30 
This microwave plasma CVD apparatus has a reaction 
vessel 301 , vacuum exhaust unit 302, microwave power 
supply 303, bias power supply 304, and gas supply unit 
305, as shown in Fig. 9. 

[0057] A lower electrode 308 and upper electrode 309 35 
are arranged at a predetermined gap to be parallel to 
each other in the reaction vessel 301 made of a metal. 
The lower and upper electrodes 308 and 309 are con- 
nected to the negative and positive sides, respectively, 
of the bias power supply 304. A pair of opposing quartz *o 
windows 311 and 312 using quartz plates are provided 
to the side walls of the reaction vessel 301 at positions 
as extensions of a region sandwiched by the lower and 
upper electrodes 308 and 309. The outer side of the 
quartz window311 isconnectedto the microwave power 45 
supply 303 through a waveguide 3 1 3, and the outer side 
of the quartz window 312 is attached with a waveguide 
314 with one closed end. 

[0058] The reaction vessel 301 is connected to the 
vacuum exhaust unit 302 through an exhaust pipe 306, so 
and its interior is vacuum-evacuated by the vacuum ex- 
haust unit 302. The reaction vessel 301 is also connect- 
ed to the gas supply unit 305 through a gas inlet pipe 
307, and a gas supplied from the gas supply unit 305 is 
introduced into the vacuum-evacuated reaction vessel ss 
301 . A pressure sensor 315 is attached to the reaction 
vessel 301 to measure the pressure in the reaction ves- 
sel 301. 



[0059] The vacuum exhaust unit 302 exhausts the 
gas supplied from the gas supply unit 305 to set the in- 
terior of the reaction vessel 301 at a predetermined 
pressure. The microwave power supply 303 outputs a 
2.45-GHz frequency microwave at a preset power, 
thereby supplying a microwave power into the reaction 
vessel 301 through the waveguide 313. The bias power 
supply 304 outputs a preset DC voltage to the lower and 
upper electrodes 308 and 309 to generate a parallel 
electric field with the lower electrode 308 being set as 
the negative side. The gas supply unit 305 supplies a 
plurality of gases A and B independently at predeter- 
mined flow rates, mixes these gases, and supplies a gas 
mixture into the reaction vessel 301 . 
[0060] How to form the coating film 12 by using the 
microwave plasma CVD apparatus with this arrange- 
ment will be described. Methane and hydrogen are used 
as the carbon introducing gas and growth promoting 
gas, respectively. Hence, preparation is performed so 
that the gas supply unit 305 of the plasma CVD appa- 
ratus can supply methane (gas A) and hydrogen (gas 
B). Subsequently, the substrate 11 is set on the lower 
electrode 308 of the plasma CVD apparatus, and the 
interior of the reaction vessel 301 is vacuum-evacuated 
to a predetermined pressure by the vacuum exhaust unit 
302. 

[0061 ] The gas supply unit 305 introduces hydrogen 
gas into the reaction vessel 301, and the microwave 
power supply 303 supplies a microwave power into the 
reaction vessel 301 , thereby generating a plasma 316. 
Simultaneously, the bias power supply 304 outputs a DC 
voltage to apply a bias voltage to the upper and lower 
electrodes 309 and 308, thereby generating a parallel 
electric field with the lower electrode 308 being the neg- 
ative side. The surface of the substrate 11 is cleaned 
and activated by ion bombardment. This process is per- 
formed for 1 5 min with a microwave power of 500 W, a 
bias voltage of 150 V, and a pressure of 1,000 PA. Al- 
though cleaning and activation of the surface of the sub- 
strate 1 1 are not indispensable, they are preferably per- 
formed as they improve the electron-emitting character- 
istics of the nanotube fibers to be generated. ' 
[0062] Then, the gas supply unit 305 introduces meth- 
ane gas and hydrogen gas into the reaction vessel 301 
with a predetermined ratio, and the microwave power 
supply 303 supplies a microwave power into the reac- 
tion vessel 301, thereby generating a plasma 316. Si- 
multaneously, the bias power supply 304 outputs a DC 
voltage to apply a bias voltage to the upper and lower 
electrodes 309 and 308, thereby generating a parallel 
electric field with the lower electrode 308 being the neg- 
ative side. As a result, the nanotube fiber coating film 
12 is grown on the surface of the substrate 11 and on 
the wall surface of the metal portion (wail surfaces 1 4 of 
through holes 13) that constitutes the grid. 
[0063] The process for forming the coating film 1 2 is 
performed for 30 min with a microwave power of 500 W, 
a bias voltage of 250 V, a pressure of 200 Pa to 2,000 
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a metal serving as a growth nucleus for nano- 
tube fibers as a main component and having a 
plurality of through holes (13); and 
a coating film (12) constituted by nanotube fib- 
5 ers formed on a surface of said substrate and 

wall surfaces (14) of the through holes (13). 

2. A source according to claim 1, wherein the nano- 
tube fibers constituting said coating film are made 

io of carbon. 

3. A source according to claim 1 , wherein said sub- 
strate is made of either one of iron and an iron-con- 
taining alloy. 

15 

4. A source according to claim 1, wherein the nano- 
tube fibers are curled to cover an exposed surface 
of said substrate. 

20 s. A source according to claim 1 , wherein said sub- 
strate is made of one element selected from the 
group consisting of iron, nickel, cobalt, and an alloy 
containing at least one element selected from iron, 
nickel, and cobalt. 

25 

6. A source according to claim 1, wherein the nano- 
tube fibers extend substantially perpendicularly 
from the surface of said substrate and the wail sur- 
faces of the through holes to cover an exposed sur- 

30 face of said substrate. 

7. A source according to claim 1, wherein said sub- 
strate is formed into a grid shape with a large 
number of the through holes. 

35 

8. A source according to claim 1 , wherein said coating 
film Is formed to a thickness of 1 0 Jim to 30 urn from 
the nanotube fibers each with a thickness of not less 
than 1 0 nm and less than 1 jim and a length of not 

40. less than 1 urn and less than 100 u,m. 

9. An electron-emitting module characterized by com- 
prising: 



PA, and a methane gas concentration of 20%. At this 
time, the substrate 11 is heated by the microwave to 
reach a temperature of 500°C to 650°C. If the bias volt- 
age is not applied, no nanotube fibers may be formed, 
and a graphite coating film may be formed undesirably. 
Therefore, application of the bias voltage is indispensa- 
ble. 

[0064] After the process, the interior of the reaction 
vessel 301 is vacuum-evacuated to a predetermined 
pressure, and the material gas is exhausted. After that, 
the interior of the reaction vessel 301 is restored to the 
atmospheric pressure, and the substrate 1 1 formed with 
the nanotube fiber coating film 12 is removed from the 
reaction vessel 301. By this process, carbon nanotube 
fibers grow substantially perpendicularly from the sur- 
face of the substrate 1 1 and the wall surface of the metal 
portion that forms the grid, so that the coating film 12 
with the smooth surface constituted by the nanotube fib- 
ers is formed. As a result, a field emission type electron- 
emitting source which does not easily cause local elec- 
tron emission can be formed. 

[0065] In the above description, methane gas is used 
as the carbon introducing gas. However, the present in- 
vention is not limited to this, and other carbon-containing 
gases may be used. For example, acetylene gas may 
be used as the carbon introducing gas. In this case, the 
ratio of the acetylene gas and hydrogen gas is set such 
that the acetylene gas concentration becomes 30%. Ex- 
cept for this, the same conditions as those for the above 
case using methane gas may be employed. The gas 
used for cleaning and activating the surface of the sub- 
strate 11 is not limited to hydrogen gas, and a rare gas 
such as helium or argon may be used. 
[0066] As has been described above, according to the 
present invention, since the nanotube fibers cover the 
surface of the substrate and the wall surfaces of the 
through holes to form a smooth substrate surface, the 
electric field is applied to the surface uniformly. Hence, 
field emission electrons are emitted not locally but uni- 
formly at the same level, so uniform field electron emis- 
sion can be obtained with a high current density. Since 
local field concentration does not easily occur, even if 
the field strength is increased to improve the luminance, 
breakdown does not easily occur. Even if breakdown 
should occur, it does not easily lead to a breakdown 45 
chain since the electron-emitting portion forms a grid. 
[0067] Since the nanotube fiber coating film can be 
formed on the substrate directly, the assembly step can 
be omitted from the manufacture, thus reducing the 
cost. 50 



Claims 

1 . An electron-emitting source characterized by com- 55 
prising: 

a substrate (11) made of a material containing 



a substrate electrode (106b); 
an electron-emitting source (10) arranged on 
said substrate electrode in a vacuum atmos- 
phere, said electron-emitting source including 
a substrate (11) made of a material containing 
a metal serving as a growth nucleus for nano- 
tube fibers as a main component and having a 
plurality of through holes (13), and a coating 
film (12) constituted by the nanotube fibers 
formed on a surface of said substrate and wall 
surfaces (14) of the through holes; and 
a grid housing (106c) which covers an outer 
surface of said electron-emitting source and 
across which a high voltage is applied to said 
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substrate electrode. 

10. A module according to claim 9, wherein 

said substrate of said electron-emitting source 
is made of either one of iron and an iron-con- 
taining alloy, and 

the nanotube fibers of said electron-emitting 
source are made of carbon and curled to cover 
an exposed surface of said substrate. 

11. A module according to claim 9, wherein 

said substrate of said electron-emitting source 
is made of one element selected from the group 
consisting of iron, nickel, cobalt, and an alloy 
containing at least one element selected from 
iron, nickel, and cobalt, and 
the nanotube fibers of said electron-emitting 
source are made of carbon and extend sub- 
stantially perpendicularly from the surface of 
said substrate and the wall surfaces of the 
through holes to cover an exposed surface of 
said substrate. 

12. A method of manufacturing an electron-emitting 
source, characterized by comprising the steps of: 

arranging a substrate (11) made of either one 
of iron and an iron -containing alloy and having 
a large number of through holes (13) in an at- 
mosphere of a material gas containing a carbon 
compound gas at a predetermined concentra- 
tion; and 

heating the substrate to a predetermined tem- 
perature and holding the substrate for a prede- 
termined period of time, so as to grow carbon 
nanotube fibers in a curled state from a surface 
of the substrate and wall surfaces of the 
through holes, thereby forming a coating film 
(12) to cover the surface of the substrate and 
the wall surfaces of the through holes. 



iron, nickel, cobalt, and an alloy containing at 
least one element selected from iron, nickel, 
and cobalt and having a large number of 
through holes (1 3) In a predetermined-pressure 
5 atmosphere of a material gas containing a car- 

bon compound gas at a predetermined concen- 
tration; and 

plasmatizing the material gas into a plasma for 
a predetermined period of time by using glow 

10 discharge of a microwave under a parallel elec- 

tric field, so as to grow carbon nanotube fibers 
substantially perpendicularly from a surface of 
the substrate and wall surfaces of the through 
holes, thereby forming a coating film to cover 

15 an exposed surface of the substrate. 

1 6. A method according to claim 1 5, further comprising 
the step of plasmatizing, in a predetermined-pres- 
sure atmosphere of either one of hydrogen and a 
20 rare gas, one of hydrogen and the rare gas by using 
glow discharge of a microwave under a parallel 
field, thereby cleaning and activating the exposed 
surface of the substrate with ion bombardment. 

25 17. a method according to claim 15, wherein the mate- 
rial gas comprises a gas mixture essentially consist- 
ing of methane as a carbon introducing gas and hy- 
drogen as a growth promoting gas. 

30 18. A method according to claim 15, wherein the coat- 
ing film constituted by the nanotube fibers is formed 
by using a microwave plasma CVD (Chemical Va- 
por Deposition) apparatus. 



13. A method according to claim 12, wherein the mate- 
rial gas comprises a gas mixture essentially consist- *5 
ing of methane as a carbon introducing gas and hy- 
drogen as a growth promoting gas. 



14. A method according to claim 12, wherein the coat- 
ing film constituted by the nanotube fibers is formed so 
by using a thermal CVD (Chemical Vapor Deposi- 
tion) apparatus. 

15. A method of manufacturing an electron-emitting 
source, characterized by comprising the steps of: 55 

arranging a substrate (11) made of either one 
element selected from the group consisting of 
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